Introduction
Intestinal epithelial cells (IECs) provide the first barrier, which enteric viruses have to face during infection of the intestinal tract. IECs are physically polarized with an apical side containing the villi facing the lumen of the gut and a basolateral side in contact with the basement membrane. The apical membrane of IECs is separated from the basolateral membrane by tight junctions, which allows for barrier function and maintains the integrity of the epithelial layer (Duerr & Hornef, 2012) .
Enteric pathogens can initiate infection by infecting IECs from their apical side (Coyne et al., 2007) or by infecting intra-epithelial immune cells. In physiological conditions, the basolateral membrane of IECs is not in contact with the lumen of the gut and infection is less likely to initiate from this side. However, when the gut integrity has been breached either during infection or physical damage, foreign microbes can gain access to the basement membrane. Pathogens can also initiate infection from the basolateral side of IECs by being transcytosed through the epithelium barrier by M-cells. Reoviruses have been the first viruses described to be transcytosed by these cells (Wolf et al., 1981) .
Mammalian reovirus (MRV) is the prototypic member of the Orthoreoviridae family. MRV is a double stranded RNA virus made up of 10 segments, which encode for 12 proteins Chandran & Nibert, 2003) . The MRV capsid consists of a double-layered protein shell, which is shed in sequential steps during the entry of the virus particle Chandran & Nibert, 2003) . MRV virions enter cells by clathrin-mediated endocytosis and subsequently traffic from early to the late endosomes where they encounter the cellular proteases cathepsins (Boulant et al., 2013; Mainou et al., 2013) . Cathepsins induce the maturation of reovirus virion particles to infectious subviral particles (ISVPs) by degrading the outer capsid protein, σ3 Liemann et al., 2002; . ISVPs undergo further conversion of their capsid, which ultimately leads to the release of the myristoylated mu1N peptide allowing for endosomal membrane penetration (Agosto et al., 2006; Chandran & Nibert, 1998; Ivanovic et al., 2008) . This process delivers the transcriptionally active core to the cytoplasm where virus replication and de-novo virus assembly take places in virusinduced neo-organelles (Desmet et al., 2014; Fernandez de Castro et al., 2014) .
During the natural course of infection through the gastrointestinal route, virions undergo conversion to ISVPs by serine proteases present in the lumen of the digestive tract (Bodkin et al., 1989) . Therefore, the first round of infection within the gut is mediated by ISVPs. ISVPs, similar to virions, enter polarized cells by clathrin-mediated endocytosis; however, they quickly escape from the endocytic vesicle and never enter the early and late endosomal compartment (Boulant et al., 2013) . All subsequent rounds of infections are mediated by virions. It is currently unclear if there is a benefit in converting virions into ISVPs to initiate infection in the gut. This process must give a certain advantage for the virus as over-digestion by intestinal proteases will generate non-infectious core particles.
Our previous studies of MRV infection of polarized epithelium cells revealed differences in the entry mechanism of reovirus compared to non-polarized cells (Boulant et al., 2013) . Importantly, it has been shown that reovirus preferentially infects the basolateral membrane of human lung epithelial cells. Virus infection of these cells does not cause a disruption in the cell barrier function and virions are released on the apical side of these cells (Excoffon et al., 2008) . Additionally, endothelial polarized cells (HMBECs) have been shown to be infectable by reovirus and that infection preferentially occurs from the apical side. As with the lung epithelial cells, the polarized phenotype and barrier function of HMBECs are maintained throughout MRV infection and virions are also released to the apical side (Lai et al., 2013) . How reovirus infects IECs, representing one of the primary infection sites, remains unknown. Additionally, whether the polarized nature of these cells influences viral infection and the subsequent antiviral response has not been investigated.
In this work, we studied infection of human polarized IECs by MRV. We determined that initial infection by an ISVP represents an advantage for the virus. ISVPs are more infectious in intestinal cells than their virion counterparts. Additionally, infection by ISVP stimulates significantly less immune response from the infected cells. Most importantly ISVP infection induces the production of a pro-survival factor by the infected IECs, which allows for cell survival, prolonged production of de-novo virus and maintenance of the polarized epithelial membrane/monolayer.
Results

ISVPs are more infectious than virions in IECs
As a model for human intestinal epithelia cells we use the T84 cell line. This human colon carcinoma cell line is capable of polarizing when seeded on transwell inserts (Madara et al., 1987) . T84s were seeded on collagen-coated transwells and their trans-epithelial electrical resistance (TEER), which reflects the establishment of tight junctions and of barrier function was evaluated every day for 10 days. The number of cells on transwells was approximated by measuring the nuclei density. On average, five days postseeding, T84 cells were considered polarized as they established fully developed tight junctions as stained for the tight junction protein ZO-1, their nuclei density was stable, and they reached a TEER of 1000 Ohm/cm 2 (Fig. 1A-C and (Madara et al., 1987) ). To determine whether T84 cells can be infected from both the apical and basolateral surface, T84 cells were seeded onto transwells and allowed to polarize. Once polarization was reached, Type 3 clone 9 (T3C9) MRV virions or ISVPs were added either to the apical A. T84 cells were seeded into collagen coated transwell inserts. Their trans-epithelial resistance (TEER) was monitored every day for 10 days. Line indicates 1000 Ohm/cm 2 , the value for polarized T84 cells. Error bars represent the standard deviation of three independent readings. B. Nuclei density was calculated from three independent experiments. Error bars represent the standard deviation of the triplicate experiment. C. Immunofluorescence staining of ZO-1 as a marker of tight junctions in polarized T84 cells. Scale bar = 10 μM.
or basolateral surface of the cells. Infection was monitored 16 h post-infection by indirect immunofluorescence assay of the non-structural viral protein uNS (Fig. 2) . When equal particle numbers of virions or ISVPs were added to the cells (=Ptcl), ISVP infection showed a greater number of infected cells compare to virion infected cells ( Fig. 2A and 2B ). Interestingly, T84 cells were equally well infected from their apical or basolateral surfaces ( Fig. 2A and 2B ). When equal multiplicity of infection (=MOI) was used, similar amount of infected cell was produced. (Fig. 2C and 2D ). This observation suggested that for the same particle number, reovirus ISVPs were more infectious compared to reovirus virions.
To address whether the different infectivity of T3C9 virions and ISVPs was cell line specific or intrinsic to the viral particles, equal particle number of virions or ISVPs were used to infect L-cells, T84s, Huh7.5, HEK and BSC-1 cells. Infected cells were detected by immunostaining using an anti-uNS protein antibody and the viral TCID50 (amount of viral particles necessary to infect 50% of the cells) was determined in each cell lines (Iskarpatyoti et al., 2012) . As previously reported, no difference of infectivity between virions and ISVPs was observed in L-cells and Huh 7.5 cells ( Figure S1 and (Nibert et al., 1995) ) Virions and ISVPs equally well infected both of these cell lines. However, infection with ISVPs resulted in a much greater number of infected T84s, HEK and BSC-1 cells, highlighting cell dependent differences in infection ( Figure S1 ). This difference in infectivity between virions and ISVPs was not reovirus strain specific, as infection of T84 cells with T1L ISVP resulted also in a much greater number of infected cells compared to infection with the same amount of T1L virion particles ( Fig. 3A and 3B , left panels). These results show that ISVPs are significantly more infectious than virons in multiple cell lines including our human IEC model T84.
Virions and ISVP are differently recognized by the innate immune system
We have previously demonstrated that ISVPs and virions use different entry strategies to infect cells (Boulant et al., 2013) . Following endocytosis, ISVPs are directly delivered to the cytosol of infected cells without trafficking through the early and late endosomal compartments. On the contrary, virions require endosomal trafficking for the cathepsin-dependent maturation and the subsequent release into the cytosol . Reovirus has a dsRNA genome, which has been shown to constitute a pathogen associated molecular pattern (PAMP) for the cytosolic pathogen recognition receptors (PRRs) RIG-I and MDA5 (Dixit et al., 2010; Kato et al., 2008; Odendall et al., 2014; Alexopoulou et al., 2001) and for the endosomal toll like receptors 3 (TLR3). As such, we hypothesized that this difference in entry route might result in a different induction of the intrinsic innate immune response. Virion by trafficking through the endosomal compartment prior to translocation into the cytosol would be sensed by TLR3 and RLRs. On the contrary, ISVPs would only be sensed by the RLRs. To test whether these two forms of reovirus particles are differently sensed by the innate immune system, T84 cells were infected apically with increasing amounts of T3C9 or T1L virions or ISVPs (Fig. 3A and 3B ). The level of infection was determined 16 h post-infection by determining the number of infected cells using immunofluorescence assay. The innate immune response was measured by quantitative reverse transcription PCR (q-RT-PCR) for the induction of type I interferon (IFNβ1). As reported in Fig. 2 , for the same amounts of particle numbers (virus dilution), ISVPs were always more infectious compared to their virion counterparts for both strains ( Fig. 3A and 3B) . Importantly, the amount of IFNβ1 produced by ISVP infected cells was lower compared to the amount produced by cells infected with the same number of virion particles ( Fig. 3A and 3B , right panels). Importantly, direct comparison of infectivity versus production of IFNβ1 clearly shows that ISVP induce dramatically less immune response compared to virions for the same infectivity (Fig. 3C) . All together, these data show that ISVPs have evolved as a strategy for reovirus to enhance initial infection of cells and to limit stimulation of the cellular innate immune system.
To directly address the role of TLRs and RLRs in sensing reovirus virions and ISVPs we generated T84 cells where RLR and TLR3 dependent immune response was suppressed. T84 cells expressing the NS3/4A protease of hepatitis C virus (HCV) were generated by selection and single cell cloning approaches (Fig. 4A) . The NS3/4A of HCV has been reported to cleave both the mitochondria antiviral signaling (MAVS) proteins and the TIR-domaincontaining adapter-inducing interferon-β protein (TRIF), resulting in the inhibition of RLR-mediated and TLR3-mediated signaling, respectively (Li et al., 2005; Bender et al., 2015) (Fig. 4B) . Infection of the parental T84 cells with reovirus resulted in the production of IFNβ1 (Fig. 4C) . On the contrary, in T84 cells expressing NS3/4A, very little immune response was detected as seen by the absence of IFNβ1 production (Fig. 4C ). These differences were not because of discrepancies in infectivity, as parental cells and NS3/4A expressing cells were equally well infected (data not shown). These results suggest that both TLR3-and RLRs-dependent immune sensing are key to assemble an antiviral response during reovirus infection. To precisely address which TLR3 or RLR are involved in sensing virions or ISVPs, we tried to established T84 cells knocked down for TLR3, TRIF and MAVS. Unfortunately, this strategy failed as creating knock-down cell lines in T84 is currently very challenging in the field (data not shown). As such, we decided to use a pharmacological inhibitor approach to investigate which PRRs are responsible for sensing reovirus virion infection. TLR3 signaling was inhibited using the TRIF specific peptide inhibitor. As expected, virion infection of mock treated T84 cells induces production of IFNβ1. When cells were infected with virion in the presence of the TRIF inhibitor (TRIFi), IFNβ1 production was severely decreased (Fig. 4D) . Interestingly, inhibition of TLR3-mediated immune response with the TRIF inhibitor did not affect the immune response following ISVP infection (Fig. 4D) . These results strongly suggest that virions are sensed by both TLR3 and by the RLR pathways. On the contrary, ISVPs are likely sensed by the RLR pathways only but not by TLR3.
To confirm this model, we made use of various cell lines lacking TLR3, RIG-I and MDA5. First we used human embryonic kidney (HEK) cells that lack TLR3. HEK cells were transfected with TLR3-GFP or GFP alone and subsequently infected with T3C9 MRV virions or ISVPs ( Figure S2A ). In cells trans-complemented for TLR3 expression, a strong innate immune response characterized by the production of type I IFN was observed upon virion infection only ( Figure  S2B ). This increase in response was not because of increased infectivity as both GFP and TLR3-GFP cells were equally well infected ( Figure S2C ). This result suggests that TLR3 can sense virion infection but cannot sense ISVP infection. We next used Huh7.5 cells that lack functional RIG-I, MDA5 and TLR3. Huh7.5 cells, were individually complemented for these PRRs and were infected with T3C9 virions, ISVPs or stimulated with poly I:C as positive control. We found that TLR3 was capable of sensing virion infection only (Figure S3A and S3B) . This response was not because of increased infection by virions as cells expressing TLR3 were equally infected as their WT, RIG-I and MDA5 counterparts ( Figure S3C and S3D). Interestingly, Huh7.5 cells complemented with RIG-I were able to sense virions and ISVPs but ISVPs were sensed to a much lower extent ( Figure S3A , S3B). Taken all together, these results show that virions and ISVPs are differently sensed by the cellular intrinsic immune system. Virions are recognized by both the TLR3 and RLR pathways inducing a strong immune response, while ISVPs are recognized only by RIG-I and induce a weak immune response.
Virion-induced innate immune response is linked to cell death in T84 cells
We have shown that ISVPs represent an advantage for MRV as they are able to infect more cells while inducing less innate antiviral response. To test whether this advantage would be beneficial over a multiple round infection, T84 cells were infected apically or basolaterally with virions or ISVPs (equal particle number or equal MOI). Infections were followed for 10 days by measuring the degree of cell polarization (TEER reading) and by monitoring the number of infected cells at 1, 5 and 10 days post-infection by immunofluorescence. T84 cells infected basolaterally with virions showed a major drop in TEER around 5 days postinfection indicative of a loss of barrier function of the cellular monolayer (Fig. 5A) . On the contrary, ISVP infected cells showed a stable TEER over the course of infection independently of the amount of ISVP used to initiate infection (Fig.  5A) . Similar results were obtained for cells infected from the apical side (data not shown). Immunofluorescence staining revealed that cell death had occurred in virion infected cells in both the 5 and 10 day post-infection samples, as can been seen by the loss of cells (nuclei staining) from the transwell inserts ( Fig. 5B and 5C ). Interestingly, no loss of T84 monolayer integrity and cell death was observed upon ISVP infection ( Fig. 5A-C) .
To determine whether active viral replication was mandatory to support the virion induced cellular death, T84 cells were infected with UV inactivated T3C9 virions or ISVPs. Immunofluorescence staining of T84 cells infected with UVtreated virions or ISVPs revealed that the viral particles were fully inactivated as no cells were infected ( Figure S4A ). Interestingly, although no cells were positive for reovirus infection, the innate immune system had been stimulated and T84 cells exposed to UV-inactivated virions died with a similar kinetics compared to cell infected with non UVinactivated virions ( Figure S4A-C) . UV-inactivated ISVP lead to cell survival similar to their active counterparts ( Figure S4A and S4B ). These results demonstrate that virion induced cell death does not require active replication. Interestingly, exposure to UV inactivated virions or ISVPs was found to induce a stronger innate immune response compared to infection with non-UV inactivated virion or ISVPs ( Figure S4C ). This observation was previously reported for both reovirus and rotavirus (Douagi et al., 2007) . As such, we hypothesized that virion induced cell death does not require viral replication and is driven by the incoming virion particles, likely as a result of the initial induction of immune response.
To challenge this hypothesis, we used our HCV NS3/4A expressing T84 cells in which induction of innate immune response upon reovirus infection was inhibited (Fig. 4) . Infection of the parental T84 cells with virions resulted in cell death and most of the cells were removed from the transwell inserts 10 days post-infection (Fig. 6A) . Interestingly, in HCV NS3/4A expressing cells, similar amount of cells, compared to mock infected samples, were detected 10 days post infection. In the absence of immune response, virion infection does not lead to cell death in T84 cells (Fig. 6A) . These results strongly suggest a link between innate immune response against virion infection and virion-induced cell death.
ISVPs protect cells from death over long-term infection
We found that although UV-inactivated ISVPs induce an immune response similar to the one induced by UV-inactivated virions, they do not induce cell death ( Figure S4 ). To determine whether a pro-death or a pro-survival signal was generated upon virion or ISVP infection, respectively, T84 cells were infected with either T3C9 virions or ISVPs or Fig. 5 . Cell death versus cell survival during multi round MRV infection. T84 cells were seeded on transwells and infected either from the apical or basolateral membrane by T3C9 virions, ISVPs = MOI or ISVP equal particle number (=Ptcl, MOI = 1). A. TEER was monitored at 1, 5 and 10 days post-infection. Only TEER from the basolateral infection is shown for simplicity; apical infections have similar trends. Representative graph of three independent experiments. B. Indirect immunofluorescence of μNS (red) at 1, 5 and 10 days postinfection. Cell nuclei were visualized with DAPI (blue). Representative images of three independent experiments. Scale bar = 100 μM. C. Nuclei density was calculated from basolateral infection. Three independent experiments were evaluated and error bars represent the standard deviation. A = apical; B = basolateral. co-infected with both forms. The induction of type I IFN was addressed over time by q-RT-PCR and infection was monitored by indirect immunofluorescence assay. Surprisingly, we found that cells that were infected with both virions and ISVPs had a lower innate immune response compared to virion infection alone (Fig. 6B ). More importantly, no cellular death was observed in cells co-infected with both virions and ISVPs (Fig. 6C) .
The above experiments strongly suggest that ISVP infection leads to the production of a specific pro-survival signal or factor to protect the cells from death allowing for viral persistence. To address whether this factor was secreted or whether it only acts in cis, we performed a supernatant transfer experiment. T84 cells were infected with T3C9 ISVPs and their supernatant was collected at 24 h postinfection. Viral particles were removed from this supernatant by two successive overnight ultracentrifugation. The absence of infectivity of the supernatant was confirmed by indirect immunofluorescence (data not shown). Supernatant of ISVP infected cells or mock-infected cells was combined with virions and used to infect naïve T84 cells. Infection and cell survival were monitored over time by TEER measurements, indirect immunofluorescence and nuclei density (Fig. 7A-C) . Interestingly, virion infected cells in the presence of ISVP supernatant were able to survive. On the contrary, in the presence of mock-infected cell supernatant, virion infected cells died (Fig. 7A-C) . All together, these findings support a model where ISVP infected cells secrete a pro-survival factor that can act in cis and trans.
ISVP infected cells secrete TGFβ
To determine what the secreted pro-survival factor produced from ISVP infection was, cytokine arrays and individual ELISAs were performed on supernatants of virion and ISVP infected T84 cells collected at 1, 5 and 10 days postinfection. In total, 17 cytokines were tested and three populations of cytokines were found (Table 1 ). The first population, 12 of the 17 cytokines, were below the detection limit suggesting that they were not secreted during virion or ISVP infection or in very limited amount. A second pool of three cytokines, IL-6, IL-8 and IFNλ, were secreted in both virion or ISVP infected cells. In line with our previous observations, virion infected cells secrete larger amounts of all three pro-inflammatory cytokines (IL6, IL8 and IFNλ), indicative of a stronger innate immune response ( Figure S5A-C) . While mock-infected cells secret basal amount of IL-8, the production of this cytokine is significantly increased during virion and ISVP infection. IL-8 is initially secreted to the apical side at 1 day post-infection; however, over the longterm it is preferentially found in the basolateral side for both virions and ISVPs ( Figure S5A ). IL-6 secretion is induced by MRV infection and is preferential secreted to the apical side early during infection of T84 cells for both virions and ISVPs ( Figure S5B ). The secretion of IL-6 decreases over the course of infection. IFNλ is also produced only after virus infection and is secreted basolateral by both virions and ISVPs ( Figure S5C ).
Interestingly TGFβ was found to be secreted only for ISVP infected cells early during infection (Table 1 and Fig. 8A ). Production of TGFβ by ISVP infected polarized T84 cells was also detected in T1L infected cells demonstrating that induction of TGFβ is virus strain independent (Sup. Table 1 ). To determine if TGFβ acts as the pro-survival factor during ISVP infection, T84 cells were infected with ISVPs in the presence of a TGFβ inhibitor (SB431542). The integrity of the polarized T84 monolayer and their infection status was monitored over 10 days as previously described. The addition of TGFβ or its inhibitor had no effect on infectivity of T84 cells by virions and ISVPs (data not shown). Importantly, cells infected with ISVPs in the presence of the TGFβ inhibitor showed the same phenotype as virion infected cells and significant cell death was detected 5 days post-infection (Fig. 8B) . Conversely, the virion death phenotype could be counteracted if virions were infected in the presence of recombinant TGFβ-1 (Fig. 8B ). This novel finding shows that ISVPs set up a survival programme to allow for continued production of virus by secreting TGFβ. Together our data indicate that ISVPs are a strategy used by MRV to establish infection of the IECs.
Discussion
The intestinal tract constitutes one of the natural infection routes of MRV. During their transit into the digestive system, MRV particles are exposed to serine proteases which convert virions into ISVPs (Bodkin et al., 1989) . As such, the initial infection is mediated by ISVPs while all subsequent infections, as MRV propagates into the host, are initiated by virions. Because virion particles are infectious, we wondered why initial infection in the gut is mediated by ISVPs and wanted to determine the differences between ISVP and virion infection in IECs. We hypothesized that undergoing this conversion would represent a replicative advantage for reovirus. In this work, we sought to identify these advantages. We have shown that ISVPs represent a strategy for reovirus to initiate infection in IECs. (i) ISVPs display higher infectivity than virions in IECs, (ii) they induce significantly less innate antiviral immune response in the infected cell and (iii) they promote the production of TGFβ, which acts as cellular pro-survival factor allowing prolonged production of de-novo virus particles.
ISVPs were shown to be more infectious in a variety of cell lines, including T84s, BSC-1 and HEK cells. They showed no infection advantage in Huh7.5 cells which have a low immune response, or in the traditional L929 cells used for virus production. Additionally, in each of the cell lines tested, regardless of infectivity, ISVPs consistently induced a reduced innate immune response compared to their virion counterparts. This is likely because of their ability to bypass Fig. 8 . TGFβ is a pro-survival factor produced during ISVP infection. T84 cells were seeded onto transwells and were infected apical or basolateral with T3C9 virions MOI = 1 +/À TGFβ or ISVPs +/À TGFβ inhibitor (TGFi). A. Supernatants were collected from both the apical and basolateral membrane at 1, 5 and 10 days post-infection and were subjected to ELISA. Error bars indicate standard deviation of triplicate experiment. Representative image of three independent experiments. Line indicates detection limit. B. Nuclei density was calculated from three independent experiments; errors bars represent the standard deviation.
the endosomal compartments (Boulant et al., 2013) , avoiding recognition by endosomal TLR3 (Fig. 4, S2 and S3). Additionally, our findings suggest that ISVPs might actively block innate antiviral immune responses at a later stage of infection. This active downregulation is supported by co-infection experiments, which show that the innate immune response for a co-infection is lower than virion alone (Fig. 6) . Previous infection studies using MRV have shown a polarized preference for infection. HMBEC are apically infected while lung epithelial cells are infected basolaterally (Excoffon et al., 2008; Lai et al., 2013) . Both of these cells lead to virus production and secretion from their apical surface. Additionally, the barrier function of these cells is maintained throughout infection. MRV infection of IECs differs substantially from these two models in that IECs are able to be infected equally well from both the apical and basolateral surface and in the case of virion, polarized membrane integrity is lost over a multiple round infection. The reasons for induction of cell death and loss of barrier function in IECs and not in lung epithelium and endothelial cells are not clear. Loss of barrier function is because of the innate immune sensing of virion (Fig. 6 ) which may be detected differently in these other cell types. Alternatively, signaling downstream PRRs might be differently wired in lung compared to intestinal cells. For IECs, viral induced cell death could constitute an advantage because these cells, in the gastrointestinal tract, have high turnover rate. They could easily go through cell death and shed in the lumen of the gut in order to remove infected cells before the virus can spread. Additionally, it has been shown that pro-inflammatory cytokines can lead to barrier disruption in T84s (Fish et al., 1999; Bruewer et al., 2003) . As virion infection leads to higher amounts of IL-6 being released this may contribute to the breach in barrier function observed. ISVPs are able to overcome this by triggering a low immune response and by inducing the secretion of TGFβ allowing for cell survival and a continued production of virus.
The ability of MRV to infect T84 cells from both their apical and basolateral sides closely mirrors rotavirus infection . It has been shown that sialic acid independent rotaviruses are capable of infecting both the apical and basolateral surface of IECs while sialic acid dependent rotaviruses can only infect IECs from the apical side. This preference for apical infection is because of simply the lack of sialic acid on the basolateral side ). T84 cells are unique in that they express sialic acid on both membranes and are therefore permissive to infection on both the apical and basolateral side for sialic acid dependent viruses (data not shown and ).
Infection of IECs with reovirus virions induces cellular death. MRV is known to be an inducer of apoptosis and recently has also been shown to trigger necrosis. Apoptosis is triggered from the incoming virus and does not require virus replication ( Figure S4 and (Connolly & Dermody, 2002) ). On the contrary, viral RNA synthesis is mandatory to induce necrosis based cellular death (Connolly & Dermody, 2002; Berger & Danthi, 2013) . It has been shown that the triggering of necrosis is strain dependent and can be linked to the sialic acid binding properties of the strain: the more sialic acid that is bound, the higher level of necrosis observed in the cell. Additionally, the capsid protein σ1, which binds to sialic acid, is necessary for the induction of necrosis (Hiller et al., 2015) . The cell death that we observed in our IECs is likely apoptosis because we are able to produce cell death with UV inactivated viruses ( Figure S4) ; however, exact determination of the death pathway has proved to be difficult (data not shown) because IECs in mock conditions have a great amount of programmed cell death likely because of their high turnover rate. An additional trigger for cell death can be sensing by the TLR3 pathway or by its transporter Unc93b (Tenev et al., 2011; Upton et al., 2012; Harris & Coyne, 2015) . As we have shown, virions can be sensed by TLR3 and the presence of TLR3 in otherwise negative cells leads to a large induction of antiviral signaling in virion infected cells (Fig. 4, S2 and S3). A potential mechanism by which ISVPs could avoid activating this trigger could be by not entering the endosomal compartments further avoiding detection by TLR3 (Boulant et al., 2013) .
The ability to cause cell death is not only a strain dependent phenotype but can also be cell dependent. This study used polarized IECs to recapitulate the architecture of the gut. However, if these cells are used in a non-polarized form their response to virus infection is quite different. Both virions and ISVPs similarly infect non-polarized and polarized T84 cells ( Figure S6A) ; however, in nonpolarized cells, both virions and ISVPs lead to cellular death ( Figure S6B ). In line with the cell-death observed in ISVP-infected non-polarized cells, we could not detect the secretion of TGFβ in these cells (Sup. Table 1 ). These observations suggest that the polarized state of IECs influences the outcome of infection. This highlights the importance of using both a relevant cellular system and a relevant physiological differentiation state. A similar observation has been made recently when examining coxsackievirus B (CVB) infection of two-dimensional and three-dimensional Caco-2 cultures (Drummond et al., 2015) . CVB and poliovirus were able to infect and produce de-novo virus from both cellular systems but the viral strategies and the host response was very different. The authors performed transcript analysis after CVB infection and found that 100+ genes were altered in each condition; however, only eight genes were similar between the 2D and 3D culture infections indicating a unique gene profile depending on the complexity of the culture.
While virion infection leads to cell death in polarized IECs, co-infection experiments revealed that ISVPs induce a dominant pro-survival phenotype compared to virion induced cell death. We found that ISVP infected cells produce TGFβ and ectopic addition of this growth factor is sufficient to counteract the virion induced cell death. Complementary, blocking TGFβ production in ISVP infected cells leads to cellular death. As such, initiating infection of IECs with ISVPs allows reovirus to avoid the cellular death that would normally be induced by virion infection.
Reovirus infection of the brain has also been shown to stimulate TGFβ receptor levels and pSMAD3. When the TGFβ receptor was blocked, reovirus infected cells showed an increase in caspase cleavage indicating an increase in apoptosis in the absence of TGFβ receptor signaling further supporting a role of TGFβ in reovirus infection (Beckham et al., 2009) . Rotavirus infected cells have also been shown to release TGFβ and multiple immunomodulators (Rodriguez et al., 2009) . TGFβ was found to be released, at least in part, in membrane vesicles, which display markers of exosomes (Barreto et al., 2010) . TGFβ released during rotavirus infection has been proposed to be responsible for cell death in CD4+ T-cells through non-canonical apoptosis signaling (Barreto et al., 2010) . This induction of CD4+ T-cell death might explain the relative low T-cell immune response observed during rotavirus infection. It was recently shown that, during rotavirus infection, the rotavirus NSP5 protein is responsible for the upregulation of microRNA miR-142-5p (Chanda et al., 2016) . Upregulation of miR-142-5p was shown to induce reduction in the TGFβ receptor (TGFβR2) and SMAD3 protein levels (Chanda et al., 2016) . Additionally, this down regulation was shown to be responsible for the reduction of TGFβ mediated apoptosis and lead to increased virus production (Chanda et al., 2016) . Although we do not see TGFβ causing death but instead promoting survival in our IEC model this is not surprising as TGFβ is a pleitropic cytokine that is known to have a dual role in both stimulating cell growth and causing apoptosis (Chaudhury & Howe, 2009 ). The mechanism that ISVP uses to trigger the secretion of TGFβ is unknown and is currently being investigated. It is extremely interesting that both reovirus and rotavirus have developed strategies around TGFβ to induce cell survival and promote virus replication. Overall, our study characterizes novel mechanisms developed by reovirus to evade the innate antiviral immune response and to bypass induced cellular death. These strategies represent a viral advantage for the establishment of infection in IECs. By undergoing a primary conversion in the gut, ISVPs are formed and act as a Trojan horse by invading the epithelial cells without inducing massive innate antiviral immune response. ISVPs additionally create an advantageous environment by inducing the secretion of TGFβ and allowing for continued cell survival and virus production.
Experimental procedure
Cell lines and viruses
T84 human colon carcinoma cells (ATCC CCL-248) were maintained in 50:50 mixture of Dulbecco's modified Eagle's medium (DMEM) and F12 (GibCo) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Gibco). HEK cells, Huh 7.5 cells and their derivatives (gift from R. Bartenschlager) were maintained in DMEM (Gibco) supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. L-cells were maintained in Joklick Modified MEM (Sigma-Aldrich) supplemented with 2 g/l sodium bicarbonate (Sigma-Aldrich), 5% FBS, 5% Neonatal calf serum (Gibco), 1% Pen-strep and 1% L-Glutamine (Gibco) in a spinner flask. T84 cells + NS3/4a were produced by puromycin selection following lentiviral transduction of a NS3/4a expressing lenti. T84 cells were serially diluted and selected for best expression of NS3/4a by immunofluorescence staining. Individual clones were selected, grown and confirmed to act similar to WT T84 cells in their growth and polarization properties.
MRV strains Type 3 clone 9 (T3C9) and TIL, derived from stocks originally obtained from Bernard N. Fields were grown and purified by standard protocols (Sturzenbecker et al., 1987; Chappell et al., 1998) . ISVPs were generated by diluting purified virion particles 1:20 in virion buffer (150 mM NaCl, 10 mM MgCl2, 10 mM Tris, pH 7.5) in the presence of 200 μg/ml chymotrypsin (Sigma-Aldrich) at 32°C for 15 min. The reaction was stopped by addition to serum containing media or addition of 1 mM PMSF (Sigma-Aldrich).
Polarization of T84 cells on transwell inserts
1.2 × 10 5 T84 cells were seeded on polycarbonate transwell inserts (Corning, polycarbonate, 3.0 μM) in DMEM/F12 medium. Medium was replaced 24 h post-seeding and every two days subsequently. The trans-TEER was tested as indicated with EVOM 2 apparatus (World Precision Instrument).
When the TEER reached 1000 Ohm/cm 2 , the T84 cells were considered polarized. Polarization was controlled by immunostaining of the tight junction protein ZO-1 (see indirect immunofluorescense assay).
Antibodies and inhibitors
Rabbit polyclonal antibody against MRV uNS used at 1/1000 for immunostaining and western blots (Broering et al., 2000) ; ZO-1 (Santa Cruz Biotechnology) used at 1/100 for immunostaining; actin (Sigma-Aldrich) used 1/2000 for western blots; mouse polyclonal antibody against HCV NS3/4a used at 1/500 for immunostaining; MAVS (Enzo) used 1/2000 for Western blot. Secondary Reovirus strategies to initiate viral infection 1841 antibodies were conjugated with AF568 (Molecular Probes), CW800 (Li-Cor) or HRP (Sigma-Aldrich) directed against the animal source. TGFβ-1 (Peprotech) was used at a final concentration of 2 ng/ml and TGFβ inhibitor SB431542 (Sigma-Aldrich) was used at 5 μM. TRIFpeptide inhibitor (PEPIN-TRIF, Invivogen) was used at a final concentration of 25 μM and was added to cells 8 h prior to infection.
Indirect immunofluorescence assay
Polycarbonate transwell inserts were cut in half and fixed in 2% paraformaldehyde (PFA) for 20 min at room temperature (RT). Cells were washed and permeabilized in 0.5% Triton-X for 15 min at RT. Primary antibodies were diluted in phosphate-buffered saline (PBS) and incubated for 1 h at RT. Membranes were washed in 1X PBS three times and incubated with secondary antibodies for 45 min at RT. Membranes were washed in 1X PBS three times and mounted on slides with ProLong Gold DAPI (Molecular Probes). Cells were imaged by epifluorescence on a Nikon Eclipse Ti-S (Nikon) or by confocal tile scans on a Zeiss LSM 780 (Zeiss). ZO-1 images were acquired on an ERS 6 spinning disc confocal microscope and deconvolution was performed using Huygens Remote Manager.
In-cell western
A total of 20 000 cells/well were seeded into a 96-well dish 24 h prior to infection. T3C9 virions and ISVPs were added at a 1:10 dilution in the first lane and subsequent 1:10 dilutions were made (all samples were performed in triplicate). Infections were allowed to proceed for 16 h. Sixteen hours post-infection cells were fixed in 2% PFA for 20 min at RT. PFA was removed and cells were washed twice in 0.1% Triton-X and then permeabilized for 10 min at RT in 0.1% Triton-X. Cells were blocked in blocking buffer (1% bovine serum albumin (BSA) in 1X PBS) for 30 min at RT. Cells were stained with 1/5000 dilution uNS antibody for 1 h at RT. Cells were washed three times with 0.1% Tween in PBS. Secondary antibody (anti-rabbit CW800) and DNA dye Draq5 (Abcam) were diluted 1/10 000 in blocking buffer and incubated for 1 h at RT. Cells were washed three times with 0.1% Tween/PBS. Cells were imaged in 1X PBS on a LICOR (Li-Cor) imager (Iskarpatyoti et al., 2012) .
RNA isolation, cDNA and qPCR RNA was harvested from cells using NuceloSpin RNA extraction kit (Machery-Nagel) as per manufacturer's instructions. cDNA was made using iSCRIPT reverse transcriptase (BioRad) from 250 ng of total RNA as per manufacturer's instructions. q-RT-PCR was performed using SsoAdvanced SYBR green (BioRad) as per manufacturer's instructions; TBP and HPRT1 were used as normalizing genes. qPCR primer sequences are: Western blot HEK and Huh7.5 cells were seeded into a 24-well plate, 24 h prior to infection. Cells were infected with T3C9 at an MOI of 5 and infection was allowed to proceed for indicated times. At time of harvest, media was removed, cells were rinsed one time with 1X PBS and lysed with 1X RIPA (150 mM sodium chloride, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 50 mM Tris, pH 8.0 with phosphatase and protease inhibitors (Sigma-Aldrich)) for 5 min at RT. Lysates were collected and equal protein amounts were run on 12% SDS-PAGE at 120 V for 1.5 h. Proteins were transferred to nitrocellulose membranes at 100 V for 1 h in the cold. Membranes were blocked overnight in 5% milk/PBS at 4°C. Primary antibodies were diluted in 5% milk/PBS and were incubated at RT for 2 h with rocking. Membranes were washed 3X in PBS +0.05% Tween-20 (PBST) for 5 min at RT. Secondary antibodies were diluted in 5% milk/PBS and incubated at RT for 1 h with rocking. Membranes were washed 3X in PBST for 5 min at RT. HRP detection reagent (GE Healthcare) was mixed 1:1 and incubated at RT for 5 min. Membranes were exposed to film and developed.
Plaque assay
A total of 200 000/well BSC-1 cells were seeded into 24-well plates. Twenty-four hours post-seeding (cells were 100% confluent) media was removed and cells were washed 1X with PBS + 2 mM MgCl 2 (PBS-M); virus samples were diluted in 10-fold serial dilutions in PBS-M, and then 100 μl of virus dilutions was applied to each well. Infection was allowed to proceed for 1 h at RT with rocking every 15 min. At the end of the incubation time, cells were overlayed with a 1:1 mixture of 2% agarose: 2X 199 Media (Sigma-Aldrich) with 10 μg/ml chymotrypsin. Cells were incubated at 37°C for 48-72 h. Cells were fixed in 10% formaldehyde for 30 min at RT. Plugs were removed and cells were stained with 0.5% crystal violet for 15 min at RT. Crystal violet was removed and cells were washed with water. Plaques were counted and all samples were performed in triplicate.
ELISA 16 plex
Cytokines were profiled using Human Cytokine 16 Plex ELISA (PBL Interferon sourse, VeriPlex). Supernatants were collected from long-term infection assay at 1, 5 and 10 d post-infection. Supernatants were kept undiluted and used to perform 16-plex array as per manufacturer's instructions. Samples were read on ChemiDoc (BioRad) and samples were analysed using Q-View software (Quansys Bioscience).
ELISA IL-6, IL-8 and TGFβ DIY ELISA assays were purchased from BioLegend and INFλ 2/3 DIY ELISA was purchased from VeriPlex (PBL Interferon source). Supernatants were collected from long-term infection assay at 1, 5 and 10d post-infection. Supernatants were kept undiluted and used to perform each ELISA. ELISA was performed as per manufacturer's instructions.
Supernatant purification and transfer
T84 cells were seeded on transwells and infected basolaterally with ISVPs after they had reached polarization. Both the apical and basolateral supernantants were collected 24 h post-infection and spun at 90 K rpm for 16 h. The supernatant was removed and subjected to a second 90 K rpm spin for 16 h. T84 cells were plated in a 24-well plate. Twenty-four hours post-seeding, media was removed and 100 μl of purified supernatant was added to the well. Supernatant was incubated for 1 h with rocking every 15 min. Media was added and lack of infection was controlled at 16 h post treatment by indirect immunofluorescence of uNS as previously described. Non-infectious supernatant was kept and used for transfer experiment. T84 cells were seeded into transwells and allowed to polarized. When polarization was reached, virions were combined with ISVP or mock derived supernatant and added to T84 cells. Infection was monitored over 10 days by TEER monitoring and indirect immunofluorescence for uNS as described above.
Nuclei density determination
Quantification of dense nuclei was done with the cell density counting workflow of ilastik (http://ilastik.org/). The density of the nuclei was estimated by a normalized Gaussian function with a sigma of 10 to match the size of the nuclei.
Supporting information
Additional supporting information may be found in the online version of this article at the publisher's web-site: Table S1 . TGFβ is secreted in polarized cells only. Supernatants were collected from Huh7.5 complemented cells, non-polarized T84 cells and polarized T84 cells and were subjected to ELISA for TGFβ.
